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Abstract: 


Objective:  To  evaluate  the  effect  of  ferrule  with  retention  of  adhesively-bonded  mandibular 
molar  CAD/CAM  Endocrowns 

Methods:  Recently-extracted  mandibular  third  molars  were  randomly  divided  into  3  groups 
(n=12)  with  the  coronal  tooth  structure  removed  perpendicular  to  the  root  long  axis 
approximately  2mm  above  the  CEJ  with  a  water-cooled,  slow-speed  diamond  saw.  The  pulp 
chamber  was  exposed  using  a  diamond  bur  in  a  high  speed  handpiece.  Pulpal  remnants  were 
removed  and  canals  instrumented  using  endodontic  hand  instruments  The  chamber  floor  was 
restored  using  a  resin  core  material  with  a  two-step,  self-etch  adhesive  and  photopolymerized 
with  a  visible  light  curing  unit  to  create  a  2mm  endocrown  preparation  pulp  chamber  extension. 
One  and  two  millimeter  ferrule  height  groups  were  prepared  using  a  diamond  bur  in  a  high 
speed  handpiece  following  CAD/CAM  guidelines.  Completed  preparation  surface  area  was 
determined  using  a  digital  measuring  microscope.  Scanned  preparations  {CEREC)  were 
restored  with  lithium  disilicate  restorations  with  a  self-adhesive  resin  luting  agent.  All 
manufacturer  recommendations  were  followed.  Specimens  were  stored  at  37C/98%  humidity 
and  tested  to  failure  after  24  hours  at  a  45-degree  angie  to  the  tooth  long  axis  using  a  universal 
testing  machine.  Failure  load  was  converted  in  MPa  using  the  available  bonding  surface  area 
with  mean  data  analyzed  using  Kruskal -Wallis/Dunn  (p=0.05). 

Results:  Calculated  failures  stress  found  no  difference  in  failure  resistance  among  the  three 
groups.  However,  failure  load  results  identified  that  the  endocrown  preparations  had 
significantly  lower  failure  load  resistance.  Failure  mode  analysis  identified  that  all  preparations 
demonstrated  a  high  number  of  catastrophic  failures. 


Conclusions:  Under  the  conditions  of  this  study,  the  addition  of  ferrule  preparation  features 
afforded  no  advantage  when  failure  stress  is  concerned.  All  preparations,  regardless  of 
features,  demonstrated  a  high  number  of  catastrophic  failure. 
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Introduction: 


Posterior  teeth  following  endodontic  therapy  require  adequate  full  coverage  restorations  to 
minimize  risk  of  fracture,  coronal  seal  to  prevent  bacterial  contamination,  and  restore  function.  1_ 
4  Endodontically-treated  teeth  may  be  restored  using  various  methods,  including  direct  and 
indirect  restorations,  with  indirect  full-coverage  methods  being  preferred  by  many  clinicians.  5 
Post  and  core  procedures  may  be  required  in  the  situation  of  severe  loss  of  coronal  hard  tissue, 
but  may  decrease  tooth  fracture  resistance  due  to  additional  dentin  removal  while  also 
increasing  root  perforation  risk.6  7  With  advancements  in  computer  aided  design/computer 
assisted  manufacturing  {CAD/CAM)  proponents  claim  that  adhesive  technology  may  provide 
clinicians  with  additional  treatment  options  that  may  be  more  efficient  and  conservative  for  the 
restoration  of  endodontically-treated  teeth.® 

The  endocrown  is  an  indirect  treatment  option  technique  that  is  gaining  clinical  popularity  for  the 
restoration  of  endodontieally  treated  posterior  teeth.  The  endocrown  is  described  as  a  full- 
coverage  restoration  with  a  circumferential  butt-joint  margin  and  a  central  retentive  feature  that 
extends  into  the  pulp  chamber  space. 9  Several  studies  suggest  a  two  millimeter  central 
retentive  feature  to  afford  the  optimal  retention  and  resistance  features.  710  Other  endocrown 
preparation  parameters  have  been  recommended  to  include: 

1 .  Cuspal  Reduction  of  2-3mm, 

2.  90  degree  butt  margins; 

3  Smooth  internal  transitions; 

4.  Six  degree  occlusal  cervical  internal  taper  of  the  pulpal  chamber; 

5.  Flat  pulpal  floor  with  sealed  radicular  spaces;  and 

6.  Supragingival  enamel  margins  when  possible.  11 12 
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The  increased  fracture  resistance  imparted  by  the  incorporation  of  ferrule  features  into 
preparations  has  been  well  described. 101314  The  addition  of  minimal  ferrule  of  0.5  millimeters 
has  been  suggested  to  significantly  increase  fatigue  cycles  to  failure  in  teeth  restored  with  all 
ceramic,  full-coverage  restorations  supported  by  a  resin  core  and  fiber  posts  14  Also,  the  effect 
of  ferruie  has  been  demonstrated  add  significant  fracture  resistance  than  the  presence  of  a 
post.  16  The  addition  of  ferrule  features  to  the  endocrown  preparation  has  not  been  previously 
investigated.  The  purpose  of  this  study  was  to  determine  the  effect  on  endocrown  restoration 
failure  strength  with  various  ferrule  features  added  to  the  endocrown  preparation.  The  null 
hypothesis  was  that  there  would  be  no  difference  in  failure  strength  between  traditional 
endocrown  restorations  and  endocrown  restorations  with  a  prepared  ferrule. 

Materials  and  Methods: 

Human  mandibular  third  molar  teeth  were  used  in  this  study,  which  had  been  removed  as  per 
routine  clinical  indications  were  collected  from  local  oral  and  maxillofacial  surgery  clinics  under 
the  local  institutional  Review  Board  (IRB)  protocol  approval. 

Thirty  six,  recently-extracted  mandibular  third  molars  of  approximate  equal  size  were  sectioned 
with  a  slow-speed  diamond  saw  (Buehler,  Lake  Forest ,  IL  USA)  at  the  facial-lingual  height  of 
contour  perpendicular  to  the  long  axis.  All  preparations  were  completed  by  one  researcher  to 
standardize  preparations  as  much  as  possible  with  a  locally  established  preparation  feature 
covariance  threshold  established  at  25  percent  above  which  specimens  were  discarded 
Access  into  the  pulp  chamber  were  accomplished  using  a  high-speed  handpiece  {EA-51LT, 
Adec,  Newburg,  OR,  USA)  and  a  diamond  bur  (6847.33.016,  Brassier  USA,  Savannah,  GA, 
USA)  using  copious  water  spray.  Pulpal  remnants  were  removed  with  barbed  broaches  and 
gross  instrumentation  with  hand  files  (Miltex,  York,  PA,  USA).  Canal  orifices  were  further 
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prepared  using  Gates-Glidden  rotary  instruments  (DENTSPLY-Maillefer,  Tulsa.  OK)  to  further 
simulate  endodontic  preparation  of  the  pulp  chamber  and  canals. 


The  specimens  were  embedded  into  auto-polymerizing  denture  base  resin  (Impak  Self  Cure, 
CMP  Industries,  Albany,  NY,  USA)  with  the  coronal  features  prepared  following  endocrown 
preparation  guidelines  as  previously  described.  (Figure  1) 


Pulp  chamber  restoration  was  accomplished  using  a  two-step,  self-etch  adhesive  (Clearfil  SE, 
Kuraray  America,  Houston,  TX.  USA  )  and  a  dual  cure  core  material  (Gradia  Core,  GC  America, 
Alsip,  IL,  USA)  to  achieve  a  two  millimeter  pulp  chamber  depth  whose  floor  was  parallel  to  the 
endocrown  occlusal  table  Ail  visible  light  polymerization  was  provided  by  a  light-emitting-diode- 
based  visible  light  curing  (VLC)  unit  (Bluephase  G2,  Ivoclar-Vivadent,  Amherst,  NY,  USA) 
whose  irradiance  were  verified  using  a  laboratory-grade  laser  power  meter  (10A-V1,  Ophir- 
Spiricon,  North  Logan,  UT,  USA). 
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The  completed  endocrown  preparations  were  then  randomly  subdivided  into  three  groups  (n  = 
12).  Two  of  the  groups  received  ferrule  preparation  features  to  the  external  coronal  surface 
consisting  of  one  and  two  millimeters  placed  circumferentially  apical  to  the  endocrown  occlusal 
table.  The  third  group  did  not  receive  additional  preparation  features  All  specimens  had 
preparation  features  confirmed  and  surface  area  measured  using  a  digital  recording  microscope 
(KH-  7700,  Hirox  USA,  Hackensack,  NJ,  USA).  (Figure  2) 


Figure  2,  Occlusal  Table  and  Margin  Surface  Area  Determination 


Two  identical  standardized  templates  were  fabricated  using  acyclic.  The  template  represented 
teeth  #28  through  #31  with  one  template  having  tooth  #30  removed  .  (Figure  3)  All  specimens 
were  scanned  and  restored  using  thestandardized  template  (Figure  4)  to  simulate  clinical 
conditions  using  a  chairside  CAD/CAM  unit  (Cerec  AC/Cerec  MC  XL,  Dentspiy  Sirona, 
Charlotte.  NC,  USA;  Software  version  4.2.4.72301)  with  the  full-coverage  restorations  milled 
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using  a  lithium  disilicate  glass-ceramic  restorations  {IPS  e.max  CAD,  Ivoclar-Vivadent).  (Figure 
5) 


Figure  4,  CAD/CAM  Standardized  Scanning  Template  with  Specimen 


All  restorations  were  designed  with  identical  occlusal  table  anatomy  as  well  as  axial  wall  height 
so  as  not  to  incorporate  different  lever  action  vectors  into  the  testing  design. 
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Figure  5,  CAD/CAM  Restoration  Designs  for  Omm,  lmm,  and  2mm  Ferrule  Preparations 


Two  coats  of  spray  glaze  (IPS  e.max  CAD  Crystall/Glaze  spray,  Ivoclar-Vivadent)  were  applied 
with  crystallization  firing  accomplished  following  manufacturer  recommendations  in  a  dental 
laboratory  ceramic  furnace  (Programat  P700,  Ivoclar-Vivadent).  Proper  seating  was  verified 
using  a  disclosing  media  (Occlude,  Pascal  International,  Bellevue,  WA,  USA)  followed  by 
thorough  steam  cleaning  and  drying  with  oil  free  compressed  air  Restoration  intaglio  surfaces 
were  etched  for  20  seconds  using  5%  hydrofluoric  acid  (IPS  Ceramic  Etching  Gel,  Ivoclar 
Vivadent)  followed  by  thorough  rinse  with  water  for  15  seconds  and  dried  with  oil  free 
compressed  air  A  thin  coat  of  silane  agent  (Monobond  Plus,  Ivoclar  Vivadent)  was  applied  with 
a  microbrush  to  the  etched  intaglio  surface  for  two,  60-second  intervals  with  the  excess 
dispersed  with  compressed  air.  The  tooth  surfaces  were  prepared  for  cementation  using 
pumice  slurry  on  a  prophylaxis  cup  (Extended  Straight  Attachment  DPA,  Preventech,  Indian 
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Trail,  NC,  USA)  using  a  slow-speed  handpiece  {Midwest  Shorty.  Dentsply  International,  York, 
PA,  USA)  attachment  followed  by  water  rinse  and  air  drying.  Restorations  were  cemented  with 
a  self-adhesive  resin  cement  (Rely-X  Unicem,  3M  ESPE,  St.  Paul,  MN,  USA)  with  firm  digital 
pressure  with  a  one-second  tack  cure  applied  to  all  surfaces  using  a  VLC  unit  (Bluephase  G2, 
Ivoclar  Vivadent)  after  which  excess  cement  was  removed.  All  surfaces  then  received  a  final 
exposure  to  a  VLC  unit  (Bluephase  G2,  Ivoclar  Vivadent)  for  20  seconds  after  which  the 
specimens  were  stored  in  distilled  water  under  dark  conditions  at  37  ±  1  °C  and  98  ±  1  % 
humidity.  (Figure  6) 

Figure  6,  Cemented  Standardized  e.max  Restoration 


Twenty-four  hours  after  cementation  each  specimen  were  placed  into  a  fixture  on  a  universal 
testing  machine  (RT-5,  MTS  Corporation,  Eden  Prairie,  MN,  USA)  with  the  long  axis  of  the  tooth 
oriented  at  a  45  degree  angle  to  the  testing  device,  (Figure  7) 
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Figure  7,  Specimen  Testing  Orientation 


The  facial  cusps  were  loaded  with  a  three-millimeter  diameter  hardened,  stainless  steel  piston 
with  a  0.5-meter  radius  of  curvature  as  described  by  Kelly  et  al.  16  Specimens  were  loaded  at  a 
rate  of  0.5  millimeter  per  minute  until  failure  with  the  failure  load  recorded  in  Newtons.  Failure 
load  was  also  converted  to  failure  stress  using  the  measured  surface  area  available  for 
adhesion  Specimens  were  examined  for  failure  mode  to  determine  if  the  failure  was  cohesive 
for  the  ceramic  restorative  material,  adhesive  failure  between  the  ceramic  and  the  tooth 
structure,  tooth  material  fracture,  or  mixed  failure.  Analysis  was  accomplished  both  visually  at 
20X  magnification  (Hirox-4400,  Hirox  USA)  as  well  as  microradiographic  tomography  (microCT) 
(Skyscan  1172,  Bruker  microCT /Micro  Photonics,  Allentown,  PA,  USA).  Fractured  samples 
were  scanned  over  180  degrees  at  9,8-micron  resolution  with  a  0.4  degree  step  size  with 
aluminum  filtration.  Resultant  individual  images  were  recombined  with  software  (nRecon, 
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Bruker  microCT)  with  resultant  recombined  images  visualized  using  CTan  and  CTVox  software 
(Bruker  microCT). 


Analysis  of  the  mean  data  with  the  Shaprio-Wilk  Test  and  Bartlett’s  Test  identified  irregularities 
within  both  the  data  distribution  and  variance  Therefore,  the  mean  data  was  analyzed  with 
Kruskai-Wallis  with  Dunn’s  posf  hoc  test  when  required.  A  95  percent  level  of  confidence  (p  = 
0.05)  was  used  with  all  analysis. 

Results: 


Table  1,  Resultant  Mean  Failure  Load  and  Stress 


Mean  Failure  Load 

s  (N)  and  Stress  (M 

Pa) 

Endocrown 
Ferrule  (mm) 

Failure  Load  (N) 

Failure  Stress 
(MPa) 

0 

6 38. 5  (238.5)  A 

6.13  (1.7)  A 

1 

1101.0  (487.0)  B 

7.85  (3.3)  A 

2 

956.3  (294.5}  B 

6.32  (1.8)  A 

n  =  12;  Groups  identified  with  same  capital  letter  are  similar 
within  each  column  (Dunn's  p  =  0.05) 

When  considering  failure  load,  the  endocrown  restorations  containing  one  and  two  millimeters  of 
ferrule  demonstrated  greater  failure  load  resistance  than  the  endocrowns  without  ferrule. 
However,  under  conditions  of  calculated  failure  stress,  there  was  no  significant  difference 
between  any  of  the  groups. 
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Table  2.  Failure  Mode  Results 


Endocrown 

Ferrule 

Failure  Mode 

Adhesive 

Debonding 

Restorable 

Fracture 

Catastrophic 

Fracture 

Cohesive 

Root 

Fracture 

Ceramic 

Cohesive 

Failure 

0  mm 

0 

2 

10 

0 

0 

1  mm 

2 

1 

8 

0 

1 

2  mm 

0 

0 

12 

0 

0 

n  =  12 


Catastrophic  failure  =  Non-restorable  fracture  that  involves  the  restoration  and  restoration  preparation. 
Cohesive  Root  Fracture  =  Fracture  that  does  not  involve  restoration/preparation  complex  at  a  level 
apical  to  the  preparation 

Restorable  Fracture  =  Fracture  either  separate  or  combined  of  restoration  and  tooth  deemed 
restorable 


All  of  the  groups  demonstrated  a  high  number  of  catastrophic  failures  The  endocrown  group 
with  two  millimeters  ferrule  displayed  universal  catastrophic  failure  with  the  endocrown 
demonstrating  slightly  less.  The  endocrown  group  with  one  millimeter  of  ferrule  demonstrated 
the  least  amount  of  non-restorable  failures  as  well  as  a  small  amount  of  adhesive  failures. 

Discussion: 

The  importance  of  full-coverage  restorations  following  endodontic  therapy  is  well  known.  Tang 
and  colleagues  2  reported  the  failure  to  replace  interim  restorations  expediently  with  permanent 
restorations  after  endodontic  treatment  resulted  in  greater  than  65  percent  tooth  loss  over  three 
years.  Equally  important  is  the  provision  of  a  coronal  seal  over  the  completed  endodontic 
treatment,  as  microbial  re-contamination  of  the  root  canal  system  has  been  shown  with  in  vitro 
testing  to  occur  between  24  and  30  days  after  exposure  of  the  gutta  percha  material  to  oral 
fluids. 3  4  The  placement  of  intracanal  posts  is  often  required  to  augment  retention  and 
resistance  features  for  the  core  material  in  situations  of  advanced  loss  of  coronal  tooth 
structure. 17'1 9  Notwithstanding,  such  use  of  intracoronal  posts  is  not  without  its  hazards.  The 
use  of  posts  has  been  suggested  to  increase  incidence  of  failure  in  the  instance  of  post  and 
tooth  material  modulus  mismatch,  excess  dentin  removal,  and  failure  to  provide  adequate 


ferrule. 221 22  Furthermore,  posts  may  not  be  a  viable  option  when  confronted  with  certain  canal 
morphology  such  as  dilacerated  or  calcified  canals. 23 

CAD/CAM  proponents  describe  the  endocrown  as  an  effective  and  expedient  means  for  the 
restoration  of  endodontically  treated  teeth  9  '22A  as  especially  of  situations  where  insufficient 
ferrule  is  present.  12  Additionally,  in  vitro  finite  element  analysis  studies  suggest  the  endocrown 
method  produces  less  internal  stress  forces  than  full  coverage  restorations  supported  by  post 
and  cores, 26  27  but  other  studies  suggest  that  endocrowns  should  be  limited  to  molars. 27  29  The 
purpose  of  this  study  was  to  determine  the  effect  of  ferrule  on  molar  endocrown  restoration 
failure  strength  and  failure  mode  analysis.  The  endocrown  restoration  was  fabricated  using  a 
lithium  disilicate  restorative  material  (e.max  CAD,  Ivoclar  Vivadent)  which  was  bonded  using  a 
self-adhesive  resin  cement  (Unicem,  3M  ESPE).  Specimens  were  prepared  as  uniformly  as 
possible  where  the  surface  area  available  for  bonding  (Figure  2}  and  ferrule  wall  occlusal 
convergence  (Figure  8)  was  determined  using  a  digital  measuring  microscope  (Hirox  4400, 
Hirox  USA).  The  mean  specimen  parameters  are  listed  in  Table  3. 


Figure  8,  Ferrule  Wall  Occlusal  Convergence 


n 


Table  3,  Mean  Endocrown  Preparation  Parameters 

Group 

(Ferrule) 

Mean  dentin 
surface  area 
(mm2) 

Mean  ferrule 
wall  height 
(mm) 

Ferrule  wall  mean 
total  occlusal 
convergence  (degrees) 

0mm 

102.3(16.1) 

1mm 

139.1  (10.6) 

1.07  (0.01) 

10.4  (0.5) 

2mm 

150.1  (10.2) 

2.04  (0.05) 

10.3  (0.6) 

n  =  12 

The  resin-restored  chamber  floor  was  also  included  in  the  surface  area  available  for  bonding. 

As  stated  earlier,  one  researcher  prepared  all  of  the  specimens  before  restoration,  which  was 
also  completed  by  a  single,  different  researcher.  Preparation  standardization  was  achieved  with 
some  success  as  the  mean  measured  surface  area  covariance  of  the  ferrule  group  preparations 
was  approximately  seven  percent,  while  the  total  occlusal  convergence  covariance  for  the  same 
groups  was  approximately  five  percent.  The  endocrown  preparation  surface  area  was  more 
variable  with  a  IS  percent  covariance,  but  still  below  the  established  covariance  25  percent 
threshold  Preparation  surface  area  available  for  bonding  increased  36  percent  from  the 
standard  endocrown  to  the  one  millimeter  ferrule  group  while  the  surface  area  between  the 
standard  endocrown  restoration  and  the  two  millimeter  ferrule  endocrown  restoration  group 
increased  47  percent.  However,  there  was  only  an  eight  percent  increase  in  surface  area 
between  the  one  and  two  millimeter  ferrule  group. 

Under  the  conditions  of  this  study  the  calculated  failure  stress  (MPa)  found  no  significant 
difference  noted  between  the  preparation  groups  (p  =  0.427).  However,  analysis  using  failure 
load  (N)  demonstrated  a  difference  between  the  groups  (p  =  0.016),  with  post  hoc  testing 
identified  that  the  ferrule  groups  were  similar  with  each  other  (p  =  0.857)  but  was  significantly 
greater  than  the  endocrown  group  (p  =  0.0212}  as  depicted  in  Figure  9  and  10. 
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Figure  9.  Mean  Failure  Stress  Results  (MPa) 


n  =  12;  Items  connected  by  same  bar  are  significantly  similar 
(Kruskal-Wallis,  p  =  0.42) 


Figure  10.  Mean  Failure  Load  Results  (N) 

2000 


1500 

u) 

c 

o 

|ooo 

2 

500 

0 


n  =  12;  Items  connected  by  same  bar  are  significantly  similar  (Kruskal- 
Wallis/Dunn's,  p  =  0.021) 
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Therefore,  the  null  hypothesis  was  rejected  under  the  consideration  of  failure  load,  but  was 
accepted  when  the  failure  stress  data  was  observed.  It  is  interesting  to  note  that  although  the 
available  surface  for  adhesion  increased  over  47  percent  from  the  standard  endocrown  to  the 
endocrown  with  a  two  millimeter  ferrule,  no  difference  in  failure  stress  was  noted.  However, 
failure  load  results  identified  the  ferrule  groups  failed  at  significantly  greater  loads  than  the 
standard  endocrown  restoration. 

The  most  clinically  relevant  findings  of  this  study  may  be  noted  when  the  failure  analysis  results 
are  considered,  MicroCT  analysis  proved  to  be  a  valuable  tool  in  assessing  the  failure  modes, 
as  some  specimens  with  visually  judged  repairable  damage  (Figure  11)  was  found  to  contain 
irreparable  fractures  that,  depending  on  location,  may  or  may  not  be  visible  on  a  standard 
periapical  film  (Figure  12,  Figure  13). 


Figure  11,  3D  Tiled  Image  Zero  Millimeter  Ferrule  Failure 
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All  of  the  endocrown  preparations  containing  two  millimeters  of  ferrule  failed  catastrophically, 
(Figure  14)  followed  by  10  of  the  12  standard  endocrown  preparations.  The  one  millimeter 
endocrown  ferrule  group  had  the  least  number  of  catastrophic  failures,  albeit  with  66  percent  of 
the  specimens  exhibiting  non-restorable  fractures  Thus,  under  laboratory  testing  the 
endocrowns,  regardless  of  ferrule  preparation  features,  demonstrated  a  high  percentage  of 
catastrophic  failures. 

The  results  of  this  study  should  be  considered  with  the  failure  load  results  are  in  excess  of  that 
reported  for  normal  human  function  and  the  ferrule  containing  endocrown  preparations 
approach  those  suggested  for  accidental  biting  and/or  trauma. 29-36  Although  the  force  was 
applied  to  the  functional  cusp,  the  static  applied  load  can  be  in  variance  with  normal  oral 
function.  The  measured  human  maximum  bite  force  varies  with  different  reported  studies.  For 
instance,  one  study  reported  the  average  bite  force  for  males  was  approximately  285  N  and  254 
N  for  females, 35  while  another  study  reported  654  and  464  N  for  the  same  two  gender  groups, 
respectively. 36  Notwithstanding  ,  the  next  research  objective  is  to  repeat  the  conditions  of  this 
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study  under  fatigue  forces  with  non-destructive  microCT  assessment  of  internal  changes  that 
may  lead  to  failure. 


A  preparation  parameter  that  was  observed  that  may  affect  restoration  performance  was  the 
milling  limitations  in  reproducing  the  intaglio  surface  of  the  crown.  Accordingly,  it  was  observed 
that  the  more  complex  the  preparation,  the  more  complex  the  restoration  design  and  therefore 
resulted  in  decrease  crown  adaptation  with  1mm  and  2mm  designs  with  larger  cement  space 
{Figure  1 5).  Another  preparation  parameter  was  the  sometimes  tooth  structure  limitation 
realized  by  a  ferrule  addition  in  the  cervical  area  This  resulted  in  some  ferrule  areas  with 
limited  ferrule  wall  thickness  (Figure  16). 


17 


This  study  also  sought  to  determine  if  the  failure  stress  calculation  would  perhaps  provide 
normalization  of  the  failure  load  results,  which  could  be  skewed  due  to  tooth  size  discrepancies. 
The  failure  stress  determination  did  appear  to  normalize  the  failure  load  data  under  the 
conditions  of  this  study.  However,  more  definitive  research  and  analysis  is  required  before 
more  recommendations  can  be  proffered. 

When  considering  the  traditional  endocrown  preparations,  the  results  of  this  study  are  similar  to 
that  reported  by  Biacchi  and  Basting  2S  who  reported  a  median  endocrown  failure  of 
approximately  674  N  That  study  also  reported  a  high  number  of  non-restorable  fractures  similar 
to  that  found  in  the  present  study.  However,  the  present  study's  results  are  less  than  that 
reported  by  Magne  et  al 7  who  reported  endocrown  failure  loads  of  2606  N  as  well  as  that 
reported  by  El-Damanhoury  et  al  37  whose  lithium  disilicate  material  demonstrated  a  mean 
fracture  load  of  1368  N.  Furthermore.  Gresnight  and  colleagues 38  also  reported  failure  values 
above  that  found  with  the  present  study.  However,  those  reports  differ  somewhat  from  the 
present  study  with  the  application  of  different  force  vectors 
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Conclusions: 


Under  the  conditions  of  this  study,  calculated  failure  stress  based  on  available  surface  area  for 
adhesive  bonding  found  no  difference  in  failure  between  standard  endocrown  preparations  and 
endocrown  preparations  containing  either  one  or  two  millimeters  of  ferrule.  In  contrast,  failure 
load  results  found  the  ferrule -containing  endocrown  preparations  demonstrated  significantly 
greater  failure  loads  than  standard  endocrown  restorations.  Regardless  of  the  presence  of  a 
ferrule,  this  study  found  endocrown  restorations  suffered  a  high  proportion  of  catastrophic 
failures  but  at  loads  greater  than  reported  normal  masticatory  function.  Based  on  these  results, 
fatigue  studies  should  be  investigated. 
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Abstract: 


Objective:  To  evaluate  the  effect  of  ferrule  with  retention  of  adhesively-bonded  mandibular 
molar  CAD/CAM  Endocrowns 

Methods:  Recently-extracted  mandibular  third  molars  were  randomly  divided  into  3  groups 
(n=12)  with  the  coronal  tooth  structure  removed  perpendicular  to  the  root  long  axis 
approximately  2mm  above  the  CEJ  with  a  water-cooled,  slow-speed  diamond  saw.  The  pulp 
chamber  was  exposed  using  a  diamond  bur  in  a  high  speed  handpiece.  Pulpal  remnants  were 
removed  and  canals  instrumented  using  endodontic  hand  instruments  The  chamber  floor  was 
restored  using  a  resin  core  material  with  a  two-step,  self-etch  adhesive  and  photopolymerized 
with  a  visible  light  curing  unit  to  create  a  2mm  endocrown  preparation  pulp  chamber  extension. 
One  and  two  millimeter  ferrule  height  groups  were  prepared  using  a  diamond  bur  in  a  high 
speed  handpiece  following  CAD/CAM  guidelines.  Completed  preparation  surface  area  was 
determined  using  a  digital  measuring  microscope.  Scanned  preparations  {CEREC)  were 
restored  with  lithium  disilicate  restorations  with  a  self-adhesive  resin  luting  agent.  All 
manufacturer  recommendations  were  followed.  Specimens  were  stored  at  37C/98%  humidity 
and  tested  to  failure  after  24  hours  at  a  45-degree  angie  to  the  tooth  long  axis  using  a  universal 
testing  machine.  Failure  load  was  converted  in  MPa  using  the  available  bonding  surface  area 
with  mean  data  analyzed  using  Kruskal -Wallis/Dunn  (p=0.05). 

Results:  Calculated  failures  stress  found  no  difference  in  failure  resistance  among  the  three 
groups.  However,  failure  load  results  identified  that  the  endocrown  preparations  had 
significantly  lower  failure  load  resistance.  Failure  mode  analysis  identified  that  all  preparations 
demonstrated  a  high  number  of  catastrophic  failures. 


Conclusions:  Under  the  conditions  of  this  study,  the  addition  of  ferrule  preparation  features 
afforded  no  advantage  when  failure  stress  is  concerned.  All  preparations,  regardless  of 
features,  demonstrated  a  high  number  of  catastrophic  failure. 
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Introduction: 


Posterior  teeth  following  endodontic  therapy  require  adequate  full  coverage  restorations  to 
minimize  risk  of  fracture,  coronal  seal  to  prevent  bacterial  contamination,  and  restore  function.  1_ 
4  Endodontically-treated  teeth  may  be  restored  using  various  methods,  including  direct  and 
indirect  restorations,  with  indirect  full-coverage  methods  being  preferred  by  many  clinicians.  5 
Post  and  core  procedures  may  be  required  in  the  situation  of  severe  loss  of  coronal  hard  tissue, 
but  may  decrease  tooth  fracture  resistance  due  to  additional  dentin  removal  while  also 
increasing  root  perforation  risk.6  7  With  advancements  in  computer  aided  design/computer 
assisted  manufacturing  {CAD/CAM)  proponents  claim  that  adhesive  technology  may  provide 
clinicians  with  additional  treatment  options  that  may  be  more  efficient  and  conservative  for  the 
restoration  of  endodontically-treated  teeth.® 

The  endocrown  is  an  indirect  treatment  option  technique  that  is  gaining  clinical  popularity  for  the 
restoration  of  endodontieally  treated  posterior  teeth.  The  endocrown  is  described  as  a  full- 
coverage  restoration  with  a  circumferential  butt-joint  margin  and  a  central  retentive  feature  that 
extends  into  the  pulp  chamber  space. 9  Several  studies  suggest  a  two  millimeter  central 
retentive  feature  to  afford  the  optimal  retention  and  resistance  features.  710  Other  endocrown 
preparation  parameters  have  been  recommended  to  include: 

1 .  Cuspal  Reduction  of  2-3mm; 

2.  90  degree  butt  margins; 

3  Smooth  internal  transitions; 

4.  Six  degree  occlusal  cervical  internal  taper  of  the  pulpal  chamber; 

5.  Flat  pulpal  floor  with  sealed  radicular  spaces;  and 

6.  Supragingival  enamel  margins  when  possible.  11 12 


j 


The  increased  fracture  resistance  imparted  by  the  incorporation  of  ferrule  features  into 
preparations  has  been  well  described. 101314  The  addition  of  minimal  ferrule  of  0.5  millimeters 
has  been  suggested  to  significantly  increase  fatigue  cycles  to  failure  in  teeth  restored  with  all 
ceramic,  full-coverage  restorations  supported  by  a  resin  core  and  fiber  posts  14  Also,  the  effect 
of  ferruie  has  been  demonstrated  add  significant  fracture  resistance  than  the  presence  of  a 
post.  16  The  addition  of  ferrule  features  to  the  endocrown  preparation  has  not  been  previously 
investigated.  The  purpose  of  this  study  was  to  determine  the  effect  on  endocrown  restoration 
failure  strength  with  various  ferrule  features  added  to  the  endocrown  preparation.  The  null 
hypothesis  was  that  there  would  be  no  difference  in  failure  strength  between  traditional 
endocrown  restorations  and  endocrown  restorations  with  a  prepared  ferrule. 

Materials  and  Methods: 

Human  mandibular  third  molar  teeth  were  used  in  this  study,  which  had  been  removed  as  per 
routine  clinical  indications  were  collected  from  local  oral  and  maxillofacial  surgery  clinics  under 
the  local  Institutional  Review  Board  (IRB)  protocol  approval. 

Thirty  six,  recently-extracted  mandibular  third  molars  of  approximate  equal  size  were  sectioned 
with  a  slow-speed  diamond  saw  (Buehler,  Lake  Forest ,  IL  USA)  at  the  facial-lingual  height  of 
contour  perpendicular  to  the  long  axis.  All  preparations  were  completed  by  one  researcher  to 
standardize  preparations  as  much  as  possible  with  a  locally  established  preparation  feature 
covariance  threshold  established  at  25  percent  above  which  specimens  were  discarded 
Access  into  the  pulp  chamber  were  accomplished  using  a  high-speed  handpiece  {EA-51LT, 
Adec,  Newburg,  OR,  USA)  and  a  diamond  bur  (6847.33.016,  Brassier  USA,  Savannah,  GA, 
USA)  using  copious  water  spray.  Pulpal  remnants  were  removed  with  barbed  broaches  and 
gross  instrumentation  with  hand  files  (Miltex,  York,  PA,  USA).  Canal  orifices  were  further 
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prepared  using  Gates-Glidden  rotary  instruments  (DENTSPLY-Maillefer,  Tulsa.  OK)  to  further 
simulate  endodontic  preparation  of  the  pulp  chamber  and  canals. 


The  specimens  were  embedded  into  auto-polymerizing  denture  base  resin  (Impak  Self  Cure, 
CMP  Industries,  Albany,  NY,  USA)  with  the  coronal  features  prepared  following  endocrown 
preparation  guidelines  as  previously  described.  (Figure  1) 


Pulp  chamber  restoration  was  accomplished  using  a  two-step,  self-etch  adhesive  (Clearfil  SE, 
Kuraray  America,  Houston,  TX,  USA  )  and  a  dual  cure  core  material  (Gradia  Core,  GC  America, 
Alsip,  IL,  USA)  to  achieve  a  two  millimeter  pulp  chamber  depth  whose  floor  was  parallel  to  the 
endocrown  occlusal  table  Ail  visible  light  polymerization  was  provided  by  a  light-emitting-diode- 
based  visible  light  curing  (VLC)  unit  (Bluephase  G2,  Ivoclar-Vivadent,  Amherst,  NY,  USA) 
whose  irradiance  were  verified  using  a  laboratory-grade  laser  power  meter  (10A-V1,  Ophir- 
Spiricon,  North  Logan,  UT,  USA). 
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The  completed  endocrown  preparations  were  then  randomly  subdivided  into  three  groups  (n  = 
12).  Two  of  the  groups  received  ferrule  preparation  features  to  the  external  coronal  surface 
consisting  of  one  and  two  millimeters  placed  circumferentially  apical  to  the  endocrown  occlusal 
table.  The  third  group  did  not  receive  additional  preparation  features  All  specimens  had 
preparation  features  confirmed  and  surface  area  measured  using  a  digital  recording  microscope 
(KH-  7700,  Hirox  USA,  Hackensack,  NJ,  USA).  (Figure  2) 


Figure  2,  Occlusal  Table  and  Margin  Surface  Area  Determination 


Two  identical  standardized  templates  were  fabricated  using  acyclic.  The  template  represented 
teeth  #28  through  #31  with  one  template  having  tooth  #30  removed  .  (Figure  3)  All  specimens 
were  scanned  and  restored  using  thestandardized  template  (Figure  4)  to  simulate  clinical 
conditions  using  a  chairside  CAD/CAM  unit  (Cerec  AC/Cerec  MC  XL,  Dentspiy  Sirona, 
Charlotte.  NC,  USA;  Software  version  4.2.4.72301)  with  the  full-coverage  restorations  milled 
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using  a  lithium  disilicate  glass-ceramic  restorations  {IPS  e.max  CAD,  Ivoclar-Vivadent).  (Figure 
5) 


Figure  4,  CAD/CAM  Standardized  Scanning  Template  with  Specimen 


All  restorations  were  designed  with  identical  occlusal  table  anatomy  as  well  as  axial  wall  height 
so  as  not  to  incorporate  different  lever  action  vectors  into  the  testing  design. 
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Figure  5,  CAD/CAM  Restoration  Designs  for  Omm,  lmm,  and  2mm  Ferrule  Preparations 


0mm  Ferrule  lmm  Ferrule  2mm  Ferrule 


Two  coats  of  spray  glaze  (IPS  e.max  CAD  Crystall/Glaze  spray,  Ivoclar-Vivadent)  were  applied 
with  crystallization  firing  accomplished  following  manufacturer  recommendations  in  a  dental 
laboratory  ceramic  furnace  (Programat  P700,  Ivoclar-Vivadent).  Proper  seating  was  verified 
using  a  disclosing  media  (Occlude,  Pascal  International,  Bellevue,  WA,  USA)  followed  by 
thorough  steam  cleaning  and  drying  with  oil  free  compressed  air  Restoration  intaglio  surfaces 
were  etched  for  20  seconds  using  5%  hydrofluoric  acid  (IPS  Ceramic  Etching  Gel,  Ivoclar 
Vivadent)  followed  by  thorough  rinse  with  water  for  15  seconds  and  dried  with  oil  free 
compressed  air  A  thin  coat  of  silane  agent  (Monobond  Plus,  Ivoclar  Vivadent)  was  applied  with 
a  microbrush  to  the  etched  intaglio  surface  for  two,  60-second  intervals  with  the  excess 
dispersed  with  compressed  air.  The  tooth  surfaces  were  prepared  for  cementation  using 
pumice  slurry  on  a  prophylaxis  cup  (Extended  Straight  Attachment  DPA,  Preventech,  Indian 
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Trail,  NC,  USA)  using  a  slow-speed  handpiece  {Midwest  Shorty.  Dentsply  International,  York, 
PA,  USA)  attachment  followed  by  water  rinse  and  air  drying.  Restorations  were  cemented  with 
a  self-adhesive  resin  cement  (Rely-X  Unicem,  3M  ESPE,  St.  Paul,  MN,  USA)  with  firm  digital 
pressure  with  a  one-second  tack  cure  applied  to  all  surfaces  using  a  VLC  unit  (Bluephase  G2, 
Ivoclar  Vivadent)  after  which  excess  cement  was  removed.  All  surfaces  then  received  a  final 
exposure  to  a  VLC  unit  (Bluephase  G2,  Ivoclar  Vivadent)  for  20  seconds  after  which  the 
specimens  were  stored  in  distilled  water  under  dark  conditions  at  37  ±  1  °C  and  98  ±  1  % 
humidity.  (Figure  6) 

Figure  6,  Cemented  Standardized  e.max  Restoration 


Twenty-four  hours  after  cementation  each  specimen  were  placed  into  a  fixture  on  a  universal 
testing  machine  (RT-5,  MTS  Corporation,  Eden  Prairie,  MN,  USA)  with  the  long  axis  of  the  tooth 
oriented  at  a  45  degree  angle  to  the  testing  device,  (Figure  7) 
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Figure  7,  Specimen  Testing  Orientation 


The  facial  cusps  were  loaded  with  a  three-millimeter  diameter  hardened,  stainless  steel  piston 
with  a  0.5-meter  radius  of  curvature  as  described  by  Kelly  et  al.  16  Specimens  were  loaded  at  a 
rate  of  0.5  millimeter  per  minute  until  failure  with  the  failure  load  recorded  in  Newtons.  Failure 
load  was  also  converted  to  failure  stress  using  the  measured  surface  area  available  for 
adhesion  Specimens  were  examined  for  failure  mode  to  determine  if  the  failure  was  cohesive 
for  the  ceramic  restorative  material,  adhesive  failure  between  the  ceramic  and  the  tooth 
structure,  tooth  material  fracture,  or  mixed  failure.  Analysis  was  accomplished  both  visually  at 
20X  magnification  (Hirox-4400,  Hirox  USA)  as  well  as  microradiographic  tomography  (microCT) 
(Skyscan  1172,  Bruker  microCT /Micro  Photonics,  Allentown,  PA,  USA).  Fractured  samples 
were  scanned  over  180  degrees  at  9,8-micron  resolution  with  a  0.4  degree  step  size  with 
aluminum  filtration.  Resultant  individual  images  were  recombined  with  software  (nRecon, 
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Bruker  microCT)  with  resultant  recombined  images  visualized  using  CTan  and  CTVox  software 
(Bruker  microCT). 


Analysis  of  the  mean  data  with  the  Shaprio-Wilk  Test  and  Bartlett’s  Test  identified  irregularities 
within  both  the  data  distribution  and  variance  Therefore,  the  mean  data  was  analyzed  with 
Kruskaf-Wallis  with  Dunn’s  post  hoc  test  when  required.  A  95  percent  level  of  confidence  (p  = 
0.05)  was  used  with  all  analysis. 


Results; 


Table  1,  Resultant  Mean  Failure  Load  and  Stress 


Mean  Failure  Loads  (N)  and  Stress  (MPa) 


Endocrown 
Ferrule  (mm) 

Failure  Load  (N) 

Failure  Stress 
(MPa) 

0 

638.5  (238.5)  A 

6.13  (1.7)  A 

1 

1101.0  (487.0)  B 

7.85  (3.3)  A 

2 

956.3  (294.5}  B 

6.32  (1.8)  A 

n  =  12;  Groups  identified  with  same  capital  letter  are  similar 
within  each  column  (Dunn's  p  =  0.05) 


When  considering  failure  load,  the  endocrown  restorations  containing  one  and  two  millimeters  of 
ferrule  demonstrated  greater  failure  load  resistance  than  the  endocrowns  without  ferrule. 
However,  under  conditions  of  calculated  failure  stress,  there  was  no  significant  difference 
between  any  of  the  groups. 
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Table  2.  Failure  Mode  Results 


Endocrown 

Ferrule 

Failure  Mode 

Adhesive 

Debonding 

Restorable 

Fracture 

Catastrophic 

Fracture 

Cohesive 

Root 

Fracture 

Ceramic 

Cohesive 

Failure 

0  mm 

0 

2 

10 

0 

0 

1  mm 

2 

1 

8 

0 

1 

2  mm 

0 

0 

12 

0 

0 

n  =  12 


Catastrophic  failure  =  Non-restorable  fracture  that  involves  the  restoration  and  restoration  preparation. 
Cohesive  Root  Fracture  =  Fracture  that  does  not  involve  restoration/preparation  complex  at  a  level 
apical  to  the  preparation 

Restorable  Fracture  =  Fracture  either  separate  or  combined  of  restoration  and  tooth  deemed 
restorable 


All  of  the  groups  demonstrated  a  high  number  of  catastrophic  failures  The  endocrown  group 
with  two  millimeters  ferrule  displayed  universal  catastrophic  failure  with  the  endocrown 
demonstrating  slightly  less.  The  endocrown  group  with  one  millimeter  of  ferrule  demonstrated 
the  least  amount  of  non-restorable  failures  as  well  as  a  small  amount  of  adhesive  failures. 

Discussion: 

The  importance  of  full-coverage  restorations  following  endodontic  therapy  is  well  known.  Tang 
and  colleagues  2  reported  the  failure  to  replace  interim  restorations  expediently  with  permanent 
restorations  after  endodontic  treatment  resulted  in  greater  than  65  percent  tooth  loss  over  three 
years.  Equally  important  is  the  provision  of  a  coronal  seal  over  the  completed  endodontic 
treatment,  as  microbial  re-contamination  of  the  root  canal  system  has  been  shown  with  in  vitro 
testing  to  occur  between  24  and  30  days  after  exposure  of  the  gutta  percha  material  to  oral 
fluids. 3  4  The  placement  of  intracanal  posts  is  often  required  to  augment  retention  and 
resistance  features  for  the  core  material  in  situations  of  advanced  loss  of  coronal  tooth 
structure. 17'1 9  Notwithstanding,  such  use  of  intracoronal  posts  is  not  without  its  hazards.  The 
use  of  posts  has  been  suggested  to  increase  incidence  of  failure  in  the  instance  of  post  and 
tooth  material  modulus  mismatch,  excess  dentin  removal,  and  failure  to  provide  adequate 


ferrule. 221 22  Furthermore,  posts  may  not  be  a  viable  option  when  confronted  with  certain  canal 


morphology  such  as  dilacerated  or  calcified  canals. 23 


CAD/CAM  proponents  describe  the  endocrown  as  an  effective  and  expedient  means  for  the 
restoration  of  endodontically  treated  teeth  9 1224  as  especially  of  situations  where  insufficient 
ferrule  is  present.  12  Additionally,  in  vitro  finite  element  analysis  studies  suggest  the  endocrown 
method  produces  less  internal  stress  forces  than  full  coverage  restorations  supported  by  post 
and  cores, 26  27  but  other  studies  suggest  that  endocrowns  should  be  limited  to  molars. 27  2fl  The 
purpose  of  this  study  was  to  determine  the  effect  of  ferrule  on  molar  endocrown  restoration 
failure  strength  and  failure  mode  analysis.  The  endocrown  restoration  was  fabricated  using  a 
lithium  disilicate  restorative  material  (e.max  CAD,  Ivoclar  Vivadent)  which  was  bonded  using  a 
self-adhesive  resin  cement  (Unicem,  3M  ESPE).  Specimens  were  prepared  as  uniformly  as 
possible  where  the  surface  area  available  for  bonding  (Figure  2}  and  ferrule  wall  occlusal 
convergence  (Figure  8)  was  determined  using  a  digital  measuring  microscope  (Hirox  4400, 
Hirox  USA).  The  mean  specimen  parameters  are  listed  in  Table  3. 


n 


Table  3,  Mean  Endocrown  Preparation  Parameters 

Group 

(Ferrule) 

Mean  dentin 
surface  area 
(mm2) 

Mean  ferrule 
wall  height 
(mm) 

Ferrule  wall  mean 
total  occlusal 
convergence  (degrees) 

0mm 

102.3(16.1) 

1mm 

139.1  (10.6) 

1.07  (0.01) 

10.4  (0.5) 

2mm 

150.1  (10.2) 

2.04  (0.05) 

10.3  (0.6) 

n  =  12 

The  resin-restored  chamber  floor  was  also  included  in  the  surface  area  available  for  bonding. 

As  stated  earlier,  one  researcher  prepared  all  of  the  specimens  before  restoration,  which  was 
also  completed  by  a  single,  different  researcher.  Preparation  standardization  was  achieved  with 
some  success  as  the  mean  measured  surface  area  covariance  of  the  ferrule  group  preparations 
was  approximately  seven  percent,  while  the  total  occlusal  convergence  covariance  for  the  same 
groups  was  approximately  five  percent.  The  endocrown  preparation  surface  area  was  more 
variable  with  a  IS  percent  covariance,  but  still  below  the  established  covariance  25  percent 
threshold  Preparation  surface  area  available  for  bonding  increased  36  percent  from  the 
standard  endocrown  to  the  one  millimeter  ferrule  group  while  the  surface  area  between  the 
standard  endocrown  restoration  and  the  two  millimeter  ferrule  endocrown  restoration  group 
increased  47  percent.  However,  there  was  only  an  eight  percent  increase  in  surface  area 
between  the  one  and  two  millimeter  ferrule  group. 

Under  the  conditions  of  this  study  the  calculated  failure  stress  (MPa)  found  no  significant 
difference  noted  between  the  preparation  groups  (p  =  0.427).  However,  analysis  using  failure 
load  (N)  demonstrated  a  difference  between  the  groups  (p  =  0.016),  with  post  hoc  testing 
identified  that  the  ferrule  groups  were  similar  with  each  other  (p  =  0.857)  but  was  significantly 
greater  than  the  endocrown  group  (p  =  0.0212}  as  depicted  in  Figure  9  and  10. 
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Figure  9.  Mean  Failure  Stress  Results  (MPa) 


n  =  12;  Items  connected  by  same  bar  are  significantly  similar 
(Kruskal-Wallis,  p  =  0.42) 


Figure  10.  Mean  Failure  Load  Results  (N) 
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n  =  12;  Items  connected  by  same  bar  are  significantly  similar  (Kruskal- 
Wallis/Dunn's,  p  =  0.021) 
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Therefore,  the  null  hypothesis  was  rejected  under  the  consideration  of  failure  load,  but  was 
accepted  when  the  failure  stress  data  was  observed.  It  is  interesting  to  note  that  although  the 
available  surface  for  adhesion  increased  over  47  percent  from  the  standard  endocrown  to  the 
endocrown  with  a  two  millimeter  ferrule,  no  difference  in  failure  stress  was  noted.  However, 
failure  load  results  identified  the  ferrule  groups  failed  at  significantly  greater  loads  than  the 
standard  endocrown  restoration. 

The  most  clinically  relevant  findings  of  this  study  may  be  noted  when  the  failure  analysis  results 
are  considered,  MicroCT  analysis  proved  to  be  a  valuable  tool  in  assessing  the  failure  modes, 
as  some  specimens  with  visually  judged  repairable  damage  (Figure  11)  was  found  to  contain 
irreparable  fractures  that,  depending  on  location,  may  or  may  not  be  visible  on  a  standard 
periapical  film  (Figure  12,  Figure  13). 


Figure  11,  3D  Tiled  Image  Zero  Millimeter  Ferrule  Failure 
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All  of  the  endocrown  preparations  containing  two  millimeters  of  ferrule  failed  catastrophically, 
(Figure  14)  followed  by  10  of  the  12  standard  endocrown  preparations.  The  one  millimeter 
endocrown  ferrule  group  had  the  least  number  of  catastrophic  failures,  albeit  with  66  percent  of 
the  specimens  exhibiting  non-restorable  fractures  Thus,  under  laboratory  testing  the 
endocrowns,  regardless  of  ferrule  preparation  features,  demonstrated  a  high  percentage  of 
catastrophic  failures. 

The  results  of  this  study  should  be  considered  with  the  failure  load  results  are  in  excess  of  that 
reported  for  normal  human  function  and  the  ferrule  containing  endocrown  preparations 
approach  those  suggested  for  accidental  biting  and/or  trauma. 39-36  Although  the  force  was 
applied  to  the  functional  cusp,  the  static  applied  load  can  be  in  variance  with  normal  oral 
function.  The  measured  human  maximum  bite  force  varies  with  different  reported  studies.  For 
instance,  one  study  reported  the  average  bite  force  for  males  was  approximately  285  N  and  254 
N  for  females, 35  while  another  study  reported  654  and  464  N  for  the  same  two  gender  groups, 
respectively. 36  Notwithstanding  ,  the  next  research  objective  is  to  repeat  the  conditions  of  this 
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study  under  fatigue  forces  with  non-destructive  microCT  assessment  of  internal  changes  that 
may  lead  to  failure. 


A  preparation  parameter  that  was  observed  that  may  affect  restoration  performance  was  the 
milling  limitations  in  reproducing  the  intaglio  surface  of  the  crown.  Accordingly,  it  was  observed 
that  the  more  complex  the  preparation,  the  more  complex  the  restoration  design  and  therefore 
resulted  in  decrease  crown  adaptation  with  1mm  and  2mm  designs  with  larger  cement  space 
{Figure  1 5).  Another  preparation  parameter  was  the  sometimes  tooth  structure  limitation 
realized  by  a  ferrule  addition  in  the  cervical  area  This  resulted  in  some  ferrule  areas  with 
limited  ferrule  wall  thickness  (Figure  16). 
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This  study  also  sought  to  determine  if  the  failure  stress  calculation  would  perhaps  provide 
normalization  of  the  failure  load  results,  which  could  be  skewed  due  to  tooth  size  discrepancies. 
The  failure  stress  determination  did  appear  to  normalize  the  failure  load  data  under  the 
conditions  of  this  study.  However,  more  definitive  research  and  analysis  is  required  before 
more  recommendations  can  be  proffered. 

When  considering  the  traditional  endocrown  preparations,  the  results  of  this  study  are  similar  to 
that  reported  by  Biacchi  and  Basting  2S  who  reported  a  median  endocrown  failure  of 
approximately  674  N  That  study  also  reported  a  high  number  of  non-restorable  fractures  similar 
to  that  found  in  the  present  study.  However,  the  present  study's  results  are  less  than  that 
reported  by  Magne  et  al 7  who  reported  endocrown  failure  loads  of  2606  N  as  well  as  that 
reported  by  El-Damanhoury  et  al  37  whose  lithium  disilicate  material  demonstrated  a  mean 
fracture  load  of  1368  N.  Furthermore.  Gresnight  and  colleagues 38  also  reported  failure  values 
above  that  found  with  the  present  study.  However,  those  reports  differ  somewhat  from  the 
present  study  with  the  application  of  different  force  vectors 
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Conclusions: 


Under  the  conditions  of  this  study,  calculated  failure  stress  based  on  available  surface  area  for 
adhesive  bonding  found  no  difference  in  failure  between  standard  endocrown  preparations  and 
endocrown  preparations  containing  either  one  or  two  millimeters  of  ferrule.  In  contrast,  failure 
load  results  found  the  ferrule -containing  endocrown  preparations  demonstrated  significantly 
greater  failure  loads  than  standard  endocrown  restorations.  Regardless  of  the  presence  of  a 
ferrule,  this  study  found  endocrown  restorations  suffered  a  high  proportion  of  catastrophic 
failures  but  at  loads  greater  than  reported  normal  masticatory  function.  Based  on  these  results, 
fatigue  studies  should  be  investigated. 
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Abstract: 


Objective:  To  evaluate  the  effect  of  ferrule  with  retention  of  adhesively-bonded  mandibular 
molar  CAD/CAM  Endocrowns 

Methods:  Recently-extracted  mandibular  third  molars  were  randomly  divided  into  3  groups 
(n=12)  with  the  coronal  tooth  structure  removed  perpendicular  to  the  root  long  axis 
approximately  2mm  above  the  CEJ  with  a  water-cooled,  slow-speed  diamond  saw.  The  pulp 
chamber  was  exposed  using  a  diamond  bur  in  a  high  speed  handpiece.  Pulpal  remnants  were 
removed  and  canals  instrumented  using  endodontic  hand  instruments  The  chamber  floor  was 
restored  using  a  resin  core  material  with  a  two-step,  self-etch  adhesive  and  photopolymerized 
with  a  visible  light  curing  unit  to  create  a  2mm  endocrown  preparation  pulp  chamber  extension. 
One  and  two  millimeter  ferrule  height  groups  were  prepared  using  a  diamond  bur  in  a  high 
speed  handpiece  following  CAD/CAM  guidelines.  Completed  preparation  surface  area  was 
determined  using  a  digital  measuring  microscope.  Scanned  preparations  {CEREC)  were 
restored  with  lithium  disilicate  restorations  with  a  self-adhesive  resin  luting  agent.  All 
manufacturer  recommendations  were  followed.  Specimens  were  stored  at  37C/98%  humidity 
and  tested  to  failure  after  24  hours  at  a  45-degree  angie  to  the  tooth  long  axis  using  a  universal 
testing  machine.  Failure  load  was  converted  in  MPa  using  the  available  bonding  surface  area 
with  mean  data  analyzed  using  Kruskal -Wallis/Dunn  (p=0.05). 

Results:  Calculated  failures  stress  found  no  difference  in  failure  resistance  among  the  three 
groups.  However,  failure  load  results  identified  that  the  endocrown  preparations  had 
significantly  lower  failure  load  resistance.  Failure  mode  analysis  identified  that  all  preparations 
demonstrated  a  high  number  of  catastrophic  failures. 


Conclusions:  Under  the  conditions  of  this  study,  the  addition  of  ferrule  preparation  features 
afforded  no  advantage  when  failure  stress  is  concerned.  All  preparations,  regardless  of 
features,  demonstrated  a  high  number  of  catastrophic  failure. 
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Introduction: 


Posterior  teeth  following  endodontic  therapy  require  adequate  full  coverage  restorations  to 
minimize  risk  of  fracture,  coronal  seal  to  prevent  bacterial  contamination,  and  restore  function.  1_ 
4  Endodontically-treated  teeth  may  be  restored  using  various  methods,  including  direct  and 
indirect  restorations,  with  indirect  full-coverage  methods  being  preferred  by  many  clinicians.  5 
Post  and  core  procedures  may  be  required  in  the  situation  of  severe  loss  of  coronal  hard  tissue, 
but  may  decrease  tooth  fracture  resistance  due  to  additional  dentin  removal  while  also 
increasing  root  perforation  risk.6  7  With  advancements  in  computer  aided  design/computer 
assisted  manufacturing  {CAD/CAM)  proponents  claim  that  adhesive  technology  may  provide 
clinicians  with  additional  treatment  options  that  may  be  more  efficient  and  conservative  for  the 
restoration  of  endodontically-treated  teeth.® 

The  endocrown  is  an  indirect  treatment  option  technique  that  is  gaining  clinical  popularity  for  the 
restoration  of  endodontieally  treated  posterior  teeth.  The  endocrown  is  described  as  a  full- 
coverage  restoration  with  a  circumferential  butt-joint  margin  and  a  central  retentive  feature  that 
extends  into  the  pulp  chamber  space. 9  Several  studies  suggest  a  two  millimeter  central 
retentive  feature  to  afford  the  optimal  retention  and  resistance  features.  710  Other  endocrown 
preparation  parameters  have  been  recommended  to  include: 

1 .  Cuspal  Reduction  of  2-3mm, 

2.  90  degree  butt  margins; 

3  Smooth  internal  transitions; 

4.  Six  degree  occlusal  cervical  internal  taper  of  the  pulpal  chamber; 

5.  Flat  pulpal  floor  with  sealed  radicular  spaces;  and 

6.  Supragingival  enamel  margins  when  possible.  11 12 
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The  increased  fracture  resistance  imparted  by  the  incorporation  of  ferrule  features  into 
preparations  has  been  well  described. 101314  The  addition  of  minimal  ferrule  of  0.5  millimeters 
has  been  suggested  to  significantly  increase  fatigue  cycles  to  failure  in  teeth  restored  with  all 
ceramic,  full-coverage  restorations  supported  by  a  resin  core  and  fiber  posts  14  Also,  the  effect 
of  ferruie  has  been  demonstrated  add  significant  fracture  resistance  than  the  presence  of  a 
post.  16  The  addition  of  ferrule  features  to  the  endocrown  preparation  has  not  been  previously 
investigated.  The  purpose  of  this  study  was  to  determine  the  effect  on  endocrown  restoration 
failure  strength  with  various  ferrule  features  added  to  the  endocrown  preparation.  The  null 
hypothesis  was  that  there  would  be  no  difference  in  failure  strength  between  traditional 
endocrown  restorations  and  endocrown  restorations  with  a  prepared  ferrule. 

Materials  and  Methods: 

Human  mandibular  third  molar  teeth  were  used  in  this  study,  which  had  been  removed  as  per 
routine  clinical  indications  were  collected  from  local  oral  and  maxillofacial  surgery  clinics  under 
the  local  institutional  Review  Board  (IRB)  protocol  approval. 

Thirty  six,  recently-extracted  mandibular  third  molars  of  approximate  equal  size  were  sectioned 
with  a  slow-speed  diamond  saw  (Buehler,  Lake  Forest ,  IL  USA)  at  the  facial-lingual  height  of 
contour  perpendicular  to  the  long  axis.  All  preparations  were  completed  by  one  researcher  to 
standardize  preparations  as  much  as  possible  with  a  locally  established  preparation  feature 
covariance  threshold  established  at  25  percent  above  which  specimens  were  discarded 
Access  into  the  pulp  chamber  were  accomplished  using  a  high-speed  handpiece  {EA-51LT, 
Adec,  Newburg,  OR,  USA)  and  a  diamond  bur  (6847.33.016,  Brassier  USA,  Savannah,  GA, 
USA)  using  copious  water  spray.  Pulpal  remnants  were  removed  with  barbed  broaches  and 
gross  instrumentation  with  hand  files  (Miltex,  York,  PA,  USA).  Canal  orifices  were  further 
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prepared  using  Gates-Glidden  rotary  instruments  (DENTSPLY-Maillefer,  Tulsa.  OK)  to  further 
simulate  endodontic  preparation  of  the  pulp  chamber  and  canals. 


The  specimens  were  embedded  into  auto-polymerizing  denture  base  resin  (Impak  Self  Cure, 
CMP  Industries,  Albany,  NY,  USA)  with  the  coronal  features  prepared  following  endocrown 
preparation  guidelines  as  previously  described.  (Figure  1) 


Pulp  chamber  restoration  was  accomplished  using  a  two-step,  self-etch  adhesive  (Clearfil  SE, 
Kuraray  America,  Houston,  TX.  USA  )  and  a  dual  cure  core  material  (Gradia  Core,  GC  America, 
Alsip,  IL,  USA)  to  achieve  a  two  millimeter  pulp  chamber  depth  whose  floor  was  parallel  to  the 
endocrown  occlusal  table  Ail  visible  light  polymerization  was  provided  by  a  light-emitting-diode- 
based  visible  light  curing  (VLC)  unit  (Bluephase  G2,  Ivoclar-Vivadent,  Amherst,  NY,  USA) 
whose  irradiance  were  verified  using  a  laboratory-grade  laser  power  meter  (10A-V1,  Ophir- 
Spiricon,  North  Logan,  UT,  USA). 
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The  completed  endocrown  preparations  were  then  randomly  subdivided  into  three  groups  (n  = 
12).  Two  of  the  groups  received  ferrule  preparation  features  to  the  external  coronal  surface 
consisting  of  one  and  two  millimeters  placed  circumferentially  apical  to  the  endocrown  occlusal 
table.  The  third  group  did  not  receive  additional  preparation  features  All  specimens  had 
preparation  features  confirmed  and  surface  area  measured  using  a  digital  recording  microscope 
(KH-  7700,  Hirox  USA,  Hackensack,  NJ,  USA).  (Figure  2) 


Figure  2,  Occlusal  Table  and  Margin  Surface  Area  Determination 


Two  identical  standardized  templates  were  fabricated  using  acyclic.  The  template  represented 
teeth  #28  through  #31  with  one  template  having  tooth  #30  removed  .  (Figure  3)  All  specimens 
were  scanned  and  restored  using  thestandardized  template  (Figure  4)  to  simulate  clinical 
conditions  using  a  chairside  CAD/CAM  unit  (Cerec  AC/Cerec  MC  XL,  Dentspiy  Sirona, 
Charlotte.  NC,  USA;  Software  version  4.2.4.72301)  with  the  full-coverage  restorations  milled 
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using  a  lithium  disilicate  glass-ceramic  restorations  {IPS  e.max  CAD,  Ivoclar-Vivadent).  (Figure 
5) 


Figure  4,  CAD/CAM  Standardized  Scanning  Template  with  Specimen 


All  restorations  were  designed  with  identical  occlusal  table  anatomy  as  well  as  axial  wall  height 
so  as  not  to  incorporate  different  lever  action  vectors  into  the  testing  design. 
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Figure  5,  CAD/CAM  Restoration  Designs  for  Omm,  lmm,  and  2mm  Ferrule  Preparations 


0mm  Ferrule  lmm  Ferrule  2mm  Ferrule 


Two  coats  of  spray  glaze  (IPS  e.max  CAD  Crystall/Glaze  spray,  Ivoclar-Vivadent)  were  applied 
with  crystallization  firing  accomplished  following  manufacturer  recommendations  in  a  dental 
laboratory  ceramic  furnace  (Programat  P700,  Ivoclar-Vivadent).  Proper  seating  was  verified 
using  a  disclosing  media  (Occlude,  Pascal  International,  Bellevue,  WA,  USA)  followed  by 
thorough  steam  cleaning  and  drying  with  oil  free  compressed  air  Restoration  intaglio  surfaces 
were  etched  for  20  seconds  using  5%  hydrofluoric  acid  (IPS  Ceramic  Etching  Gel,  Ivoclar 
Vivadent)  followed  by  thorough  rinse  with  water  for  15  seconds  and  dried  with  oil  free 
compressed  air  A  thin  coat  of  silane  agent  (Monobond  Plus,  Ivoclar  Vivadent)  was  applied  with 
a  microbrush  to  the  etched  intaglio  surface  for  two,  60-second  intervals  with  the  excess 
dispersed  with  compressed  air.  The  tooth  surfaces  were  prepared  for  cementation  using 
pumice  slurry  on  a  prophylaxis  cup  (Extended  Straight  Attachment  DPA,  Preventech,  Indian 
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Trail,  NC,  USA)  using  a  slow-speed  handpiece  {Midwest  Shorty.  Dentsply  International,  York, 
PA,  USA)  attachment  followed  by  water  rinse  and  air  drying.  Restorations  were  cemented  with 
a  self-adhesive  resin  cement  (Rely-X  Unicem,  3M  ESPE,  St.  Paul,  MN,  USA)  with  firm  digital 
pressure  with  a  one-second  tack  cure  applied  to  all  surfaces  using  a  VLC  unit  (Bluephase  G2, 
Ivoclar  Vivadent)  after  which  excess  cement  was  removed.  All  surfaces  then  received  a  final 
exposure  to  a  VLC  unit  (Bluephase  G2,  Ivoclar  Vivadent)  for  20  seconds  after  which  the 
specimens  were  stored  in  distilled  water  under  dark  conditions  at  37  ±  1  °C  and  98  ±  1  % 
humidity.  (Figure  6) 

Figure  6,  Cemented  Standardized  e.max  Restoration 


Twenty-four  hours  after  cementation  each  specimen  were  placed  into  a  fixture  on  a  universal 
testing  machine  (RT-5,  MTS  Corporation,  Eden  Prairie,  MN,  USA)  with  the  long  axis  of  the  tooth 
oriented  at  a  45  degree  angle  to  the  testing  device,  (Figure  7) 
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Figure  7,  Specimen  Testing  Orientation 


The  facial  cusps  were  loaded  with  a  three-millimeter  diameter  hardened,  stainless  steef  piston 
with  a  0.5-meter  radius  of  curvature  as  described  by  Kelly  et  al  16  Specimens  were  loaded  at  a 
rate  of  0.5  millimeter  per  minute  until  failure  with  the  failure  load  recorded  in  Newtons.  Failure 
load  was  also  converted  to  failure  stress  using  the  measured  surface  area  available  for 
adhesion  Specimens  were  examined  for  failure  mode  to  determine  if  the  failure  was  cohesive 
for  the  ceramic  restorative  material,  adhesive  failure  between  the  ceramic  and  the  tooth 
structure,  tooth  material  fracture,  or  mixed  failure.  Analysis  was  accomplished  both  visually  at 
20X  magnification  (Hirox-4400,  Hirox  USA)  as  well  as  microradiographic  tomography  (microCT) 
(Skyscan  1172,  Bruker  microCT /Micro  Photonics,  Allentown,  PA,  USA).  Fractured  samples 
were  scanned  over  180  degrees  at  9,8-micron  resolution  with  a  0.4  degree  step  size  with 
aluminum  filtration.  Resultant  individual  images  were  recombined  with  software  (nRecon, 
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Bruker  microCT)  with  resultant  recombined  images  visualized  using  CTan  and  CTVox  software 
(Bruker  microCT). 


Analysis  of  the  mean  data  with  the  Shaprio-Wilk  Test  and  Bartlett’s  Test  identified  irregularities 
within  both  the  data  distribution  and  variance  Therefore,  the  mean  data  was  analyzed  with 
Kruskai-Wallis  with  Dunn’s  posf  hoc  test  when  required.  A  95  percent  level  of  confidence  (p  = 
0.05)  was  used  with  all  analysis. 

Results: 


Table  1,  Resultant  Mean  Failure  Load  and  Stress 


Mean  Failure  Load 

s  (N)  and  Stress  (M 

Pa) 

Endocrown 
Ferrule  (mm) 

Failure  Load  (N) 

Failure  Stress 
(MPa) 

0 

6 38. 5  (238.5)  A 

6.13  (1.7)  A 

1 

1101.0  (487.0)  B 

7.85  (3.3)  A 

2 

956.3  (294.5}  B 

6.32  (1.8)  A 

n  =  12;  Groups  identified  with  same  capital  letter  are  similar 
within  each  column  (Dunn's  p  =  0.05) 

When  considering  failure  load,  the  endocrown  restorations  containing  one  and  two  millimeters  of 
ferrule  demonstrated  greater  failure  load  resistance  than  the  endocrowns  without  ferrule. 
However,  under  conditions  of  calculated  failure  stress,  there  was  no  significant  difference 
between  any  of  the  groups. 
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Table  2.  Failure  Mode  Results 


Endocrown 

Ferrule 

Failure  Mode 

Adhesive 

Debonding 

Restorable 

Fracture 

Catastrophic 

Fracture 

Cohesive 

Root 

Fracture 

Ceramic 

Cohesive 

Failure 

0  mm 

0 

2 

10 

0 

0 

1  mm 

2 

1 

8 

0 

1 

2  mm 

0 

0 

12 

0 

0 

n  =  12 


Catastrophic  failure  =  Non-restorable  fracture  that  involves  the  restoration  and  restoration  preparation. 
Cohesive  Root  Fracture  =  Fracture  that  does  not  involve  restoration/preparation  complex  at  a  level 
apical  to  the  preparation 

Restorable  Fracture  =  Fracture  either  separate  or  combined  of  restoration  and  tooth  deemed 
restorable 


All  of  the  groups  demonstrated  a  high  number  of  catastrophic  failures  The  endocrown  group 
with  two  millimeters  ferrule  displayed  universal  catastrophic  failure  with  the  endocrown 
demonstrating  slightly  less.  The  endocrown  group  with  one  millimeter  of  ferrule  demonstrated 
the  least  amount  of  non-restorable  failures  as  well  as  a  small  amount  of  adhesive  failures. 

Discussion: 

The  importance  of  full-coverage  restorations  following  endodontic  therapy  is  well  known.  Tang 
and  colleagues  2  reported  the  failure  to  replace  interim  restorations  expediently  with  permanent 
restorations  after  endodontic  treatment  resulted  in  greater  than  65  percent  tooth  loss  over  three 
years.  Equally  important  is  the  provision  of  a  coronal  seal  over  the  completed  endodontic 
treatment,  as  microbial  re-contamination  of  the  root  canal  system  has  been  shown  with  in  vitro 
testing  to  occur  between  24  and  30  days  after  exposure  of  the  gutta  percha  material  to  oral 
fluids. 3  4  The  placement  of  intracanal  posts  is  often  required  to  augment  retention  and 
resistance  features  for  the  core  material  in  situations  of  advanced  loss  of  coronal  tooth 
structure. 17'1 9  Notwithstanding,  such  use  of  intracoronal  posts  is  not  without  its  hazards.  The 
use  of  posts  has  been  suggested  to  increase  incidence  of  failure  in  the  instance  of  post  and 
tooth  material  modulus  mismatch,  excess  dentin  removal,  and  failure  to  provide  adequate 


ferrule. 221 22  Furthermore,  posts  may  not  be  a  viable  option  when  confronted  with  certain  canal 


morphology  such  as  dilacerated  or  calcified  canals. 23 


CAD/CAM  proponents  describe  the  endocrown  as  an  effective  and  expedient  means  for  the 
restoration  of  endodontically  treated  teeth  9 1224  as  especially  of  situations  where  insufficient 
ferrule  is  present.  12  Additionally,  in  vitro  finite  element  analysis  studies  suggest  the  endocrown 
method  produces  less  internal  stress  forces  than  full  coverage  restorations  supported  by  post 
and  cores, 26  27  but  other  studies  suggest  that  endocrowns  should  be  limited  to  molars. 27  2fl  The 
purpose  of  this  study  was  to  determine  the  effect  of  ferrule  on  molar  endocrown  restoration 
failure  strength  and  failure  mode  analysis.  The  endocrown  restoration  was  fabricated  using  a 
lithium  disilicate  restorative  material  (e.max  CAD,  Ivoclar  Vivadent)  which  was  bonded  using  a 
self-adhesive  resin  cement  (Unicem,  3M  ESPE).  Specimens  were  prepared  as  uniformly  as 
possible  where  the  surface  area  available  for  bonding  (Figure  2}  and  ferrule  wall  occlusal 
convergence  (Figure  8)  was  determined  using  a  digital  measuring  microscope  (Hirox  4400, 
Hirox  USA).  The  mean  specimen  parameters  are  listed  in  Table  3. 


n 


Table  3,  Mean  Endocrown  Preparation  Parameters 

Group 

(Ferrule) 

Mean  dentin 
surface  area 
(mm2) 

Mean  ferrule 
wall  height 
(mm) 

Ferrule  wall  mean 
total  occlusal 
convergence  (degrees) 

0mm 

102.3(16.1) 

1mm 

139.1  (10.6) 

1.07  (0.01) 

10.4  (0.5) 

2mm 

150.1  (10.2) 

2.04  (0.05) 

10.3  (0.6) 

n  =  12 

The  resin-restored  chamber  floor  was  also  included  in  the  surface  area  available  for  bonding. 

As  stated  earlier,  one  researcher  prepared  all  of  the  specimens  before  restoration,  which  was 
also  completed  by  a  single,  different  researcher.  Preparation  standardization  was  achieved  with 
some  success  as  the  mean  measured  surface  area  covariance  of  the  ferrule  group  preparations 
was  approximately  seven  percent,  while  the  total  occlusal  convergence  covariance  for  the  same 
groups  was  approximately  five  percent.  The  endocrown  preparation  surface  area  was  more 
variable  with  a  15  percent  covariance,  but  still  below  the  established  covariance  25  percent 
threshold  Preparation  surface  area  available  for  bonding  increased  36  percent  from  the 
standard  endocrown  to  the  one  millimeter  ferrule  group  while  the  surface  area  between  the 
standard  endocrown  restoration  and  the  two  millimeter  ferrule  endocrown  restoration  group 
increased  47  percent.  However,  there  was  only  an  eight  percent  increase  in  surface  area 
between  the  one  and  two  millimeter  ferrule  group. 

Under  the  conditions  of  this  study  the  calculated  failure  stress  (MPa)  found  no  significant 
difference  noted  between  the  preparation  groups  (p  =  0.427).  However,  analysis  using  failure 
load  (N)  demonstrated  a  difference  between  the  groups  (p  =  0.016),  with  post  hoc  testing 
identified  that  the  ferrule  groups  were  similar  with  each  other  (p  =  0.857)  but  was  significantly 
greater  than  the  endocrown  group  (p  =  0.0212}  as  depicted  in  Figure  9  and  10. 
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Figure  9.  Mean  Failure  Stress  Results  (MPa) 


n  =  12;  (terns  connected  by  same  bar  are  significantly  similar 
(Kruskal-Wallis,  p  =  0.42) 


Figure  10.  Mean  Failure  Load  Results  (N) 
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n  =  12;  Items  connected  by  same  bar  are  significantly  similar  (Kruskal- 
Wallis/Dunn's,  p  =  0.021) 
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Therefore,  the  null  hypothesis  was  rejected  under  the  consideration  of  failure  load,  but  was 
accepted  when  the  failure  stress  data  was  observed.  It  is  interesting  to  note  that  although  the 
available  surface  for  adhesion  increased  over  47  percent  from  the  standard  endocrown  to  the 
endocrown  with  a  two  millimeter  ferrule,  no  difference  in  failure  stress  was  noted.  However, 
failure  load  results  identified  the  ferrule  groups  failed  at  significantly  greater  loads  than  the 
standard  endocrown  restoration. 

The  most  clinically  relevant  findings  of  this  study  may  be  noted  when  the  failure  analysis  results 
are  considered,  MicroCT  analysis  proved  to  be  a  valuable  tool  in  assessing  the  failure  modes, 
as  some  specimens  with  visually  judged  repairable  damage  (Figure  11)  was  found  to  contain 
irreparable  fractures  that,  depending  on  location,  may  or  may  not  be  visible  on  a  standard 
periapical  film  (Figure  12,  Figure  13). 


Figure  11,  3D  Tiled  Image  Zero  Millimeter  Ferrule  Failure 
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All  of  the  endocrown  preparations  containing  two  millimeters  of  ferrule  failed  catastrophically, 
(Figure  14)  followed  by  10  of  the  12  standard  endocrown  preparations.  The  one  millimeter 
endocrown  ferrule  group  had  the  least  number  of  catastrophic  failures,  albeit  with  66  percent  of 
the  specimens  exhibiting  non-restorable  fractures  Thus,  under  laboratory  testing  the 
endocrowns,  regardless  of  ferrule  preparation  features,  demonstrated  a  high  percentage  of 
catastrophic  failures. 

The  results  of  this  study  should  be  considered  with  the  failure  load  results  are  in  excess  of  that 
reported  for  normal  human  function  and  the  ferrule  containing  endocrown  preparations 
approach  those  suggested  for  accidental  biting  and/or  trauma. 29-36  Although  the  force  was 
applied  to  the  functional  cusp,  the  static  applied  load  can  be  in  variance  with  normal  oral 
function.  The  measured  human  maximum  bite  force  varies  with  different  reported  studies.  For 
instance,  one  study  reported  the  average  bite  force  for  males  was  approximately  285  N  and  254 
N  for  females, 35  while  another  study  reported  654  and  464  N  for  the  same  two  gender  groups, 
respectively. 36  Notwithstanding  ,  the  next  research  objective  is  to  repeat  the  conditions  of  this 
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study  under  fatigue  forces  with  non-destructive  microCT  assessment  of  internal  changes  that 
may  lead  to  failure. 


A  preparation  parameter  that  was  observed  that  may  affect  restoration  performance  was  the 
milling  limitations  in  reproducing  the  intaglio  surface  of  the  crown.  Accordingly,  it  was  observed 
that  the  more  complex  the  preparation,  the  more  complex  the  restoration  design  and  therefore 
resulted  in  decrease  crown  adaptation  with  1mm  and  2mm  designs  with  larger  cement  space 
{Figure  1 5).  Another  preparation  parameter  was  the  sometimes  tooth  structure  limitation 
realized  by  a  ferrule  addition  in  the  cervical  area  This  resulted  in  some  ferrule  areas  with 
limited  ferrule  wall  thickness  (Figure  16). 
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This  study  also  sought  to  determine  if  the  failure  stress  calculation  would  perhaps  provide 
normalization  of  the  failure  load  results,  which  could  be  skewed  due  to  tooth  size  discrepancies. 
The  failure  stress  determination  did  appear  to  normalize  the  failure  load  data  under  the 
conditions  of  this  study.  However,  more  definitive  research  and  analysis  is  required  before 
more  recommendations  can  be  proffered. 

When  considering  the  traditional  endocrown  preparations,  the  results  of  this  study  are  similar  to 
that  reported  by  Biacchi  and  Basting  2S  who  reported  a  median  endocrown  failure  of 
approximately  674  N  That  study  also  reported  a  high  number  of  non-restorable  fractures  similar 
to  that  found  in  the  present  study.  However,  the  present  study's  results  are  less  than  that 
reported  by  Magne  et  al 7  who  reported  endocrown  failure  loads  of  2606  N  as  well  as  that 
reported  by  El-Damanhoury  et  al  37  whose  lithium  disilicate  material  demonstrated  a  mean 
fracture  load  of  1368  N.  Furthermore.  Gresnight  and  colleagues 38  also  reported  failure  values 
above  that  found  with  the  present  study.  However,  those  reports  differ  somewhat  from  the 
present  study  with  the  application  of  different  force  vectors 


18 


Conclusions: 


Under  the  conditions  of  this  study,  calculated  failure  stress  based  on  available  surface  area  for 
adhesive  bonding  found  no  difference  in  failure  between  standard  endocrown  preparations  and 
endocrown  preparations  containing  either  one  or  two  millimeters  of  ferrule.  In  contrast,  failure 
load  results  found  the  ferrule -containing  endocrown  preparations  demonstrated  significantly 
greater  failure  loads  than  standard  endocrown  restorations.  Regardless  of  the  presence  of  a 
ferrule,  this  study  found  endocrown  restorations  suffered  a  high  proportion  of  catastrophic 
failures  but  at  loads  greater  than  reported  normal  masticatory  function.  Based  on  these  results, 
fatigue  studies  should  be  investigated. 
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